Abstract Epoxyeicosatrienoic acids (EETs) are cytochrome P450 metabolites of arachidonic acid that are produced by the vascular endothelium in response to agonists such as bradykinin and acetylcholine or physical stimuli such as shear stress or cyclic stretch. In the vasculature, the EETs have biological actions that are involved in the regulation of vascular tone, hemostasis, and inflammation. In preconstricted arteries in vitro, EETs activate calcium-activated potassium channels on vascular smooth muscle and the endothelium causing membrane hyperpolarization and relaxation. These effects are observed in a variety of arteries from experimental animals and humans; however, this is not a universal finding in all arteries. The mechanism of EET action may vary. In some arteries, EETs are released from the endothelium and are transferred to the smooth muscle where they cause potassium channel activation, hyperpolarization, and relaxation through a guanine nucleotide binding protein-coupled mechanism or transient receptor potential (TRP) channel activation. In other arteries, EETs activate TRP channels on the endothelium to cause endothelial hyperpolarization that is transferred to the smooth muscle by gap junctions or potassium ion. Some arteries use a combination of mechanisms. Acetylcholine and bradykinin increase blood flow in dogs and humans that is inhibited by potassium channel blockers and cytochrome P450 inhibitors. Thus, the EETs are endothelium-derived hyperpolarizing factors mediating a portion of the relaxations to acetylcholine, bradykinin, shear stress, and cyclic stretch and regulate vascular tone in vitro and in vivo.
tion, vasodilation and contribute to the regulation of vascular tone [4, 8, 9] . Arteries differ in the contributions of LO and CYP metabolites to these biological effects. For example, LO metabolites mediate endothelium-dependent responses in mesenteric and cerebral arteries of some species while CYP metabolites function as endothelial mediators in coronary and renal arteries of most species including humans. In other arteries, arachidonic acid metabolites are not involved in endothelium-dependent responses but other mediators are implicated [10] [11] [12] [13] [14] [15] . CYP epoxygenases add oxygen across the double bonds of arachidonic acid to produce four regioisomeric cisepoxides, 14,15-, 11,12-, 8,9-, and 5,6-epoxyeicosatrienoic acids (EETs; Fig. 1 ), and each of these epoxides may exist as two stereoisomers, S,R and R,S [16, 17] . CYP epoxygenases differ in the spectrum of EET regioisomers and stereoisomers that they produce. While a number of CYP isozymes have been detected in arteries, only two CYP epoxygenase have been cloned from the endothelium [18, 19] . In human ECs, these epoxygenases are CYP2C8/ 2C9 and CYP2J2. Both CYP2C and CYP2J isozymes produce mainly 14,15-EET with lesser amounts of 11,12-EET [17, 20, 21] . The latter are also the major EETs released from ECs, and their release is stimulated by acetylcholine, bradykinin, cyclic stretch, and shear stress [22] [23] [24] [25] [26] . While the identity of the endothelial epoxygenase has not been established biochemically, functional studies indicate that CYP2C is the endothelial epoxygenase in coronary arteries [27, 28] .
In contrast, SMCs metabolize arachidonic acid by COX to prostaglandins and by LO to hydroxyeicosatetraenoic acids (HETEs) [29] . 20-HETE is the only CYP metabolite produced by SMCs. Thus, in the vascular wall, ECs are the sole source of EETs.
EETs are metabolized by ECs and SMCs by esterification into phospholipids or hydration to dihydroxyeicosatrienoic acids (DHETs) by soluble epoxide hydrolase (sEH) [30, 31] . These pathways are rapid, occurring in minutes, but the rates differ for the various regioisomers and stereoisomers. EETs are also metabolized by betaoxidation; however, this process is slow in vascular cells [30] and perhaps more apparent in cultured cells in which sEH expression tends to decrease after cell isolation. Generally, metabolism by all of these pathways result in a reduction in EET concentrations and thus activity.
While in the systemic circulation the sEH is more abundant in ECs than SMC's [30, 32] , the opposite situation occurs in the pulmonary circulation [33] . The physiological significance of this biochemical finding remains unexplored. It is important to point out that EETs and sEH inhibitors elicit vasodilatation of the systemic circulation but induce vasoconstriction in the lung [33] [34] [35] . There are a number of situations in which the altered expression of the sEH may contribute to pathophysiology. For example, the expression of the enzyme is increased in animals treated with angiotensin II [36] , a finding that can contribute to the blood pressure lowering by some sEH inhibitors [37, 38] . Marked changes in sEH expression and EET concentrations are also observed in some models of inflammation (e.g., bacterial lipopolysaccharide) [39] . Soluble EH is rapidly downregulated by hypoxia which is linked with the development of pulmonary hypertension [34] . The activity of the sEH is also affected by posttranslational modification. Tyrosine nitration of the Fig. 1 Chemical structures of epoxyeicosatrienoic acid (EET) agonists and EET antagonists. EE5ZE epoxyeicosa-5Z-enoic acid, EE8ZE epoxyeicosa-8Z-enoic, mSI methylsulfonylimide enzyme in two models of diabetes is associated with a decrease in enzyme activity [40] .
EETs as EDHFs
Evidence from number of laboratories using arteries from a variety of species including humans indicates that EETs act as EDHFs [22, 25, 26, [41] [42] [43] [44] . EDHF activity is defined in two ways: endothelium-dependent relaxations in arteries treated with COX and NO synthase inhibitors and endothelium-dependent SMC hyperpolarization. Bradykinin, acetylcholine, cyclic stretch, and shear stress cause endothelium-dependent hyperpolarizations and relaxations that occur in the presence of COX and NO synthase inhibition [22, 25, 26, 41, 42, 45] . The relaxations and hyperpolarizations are inhibited by the K channel blockers charybdotoxin, iberiotoxin, and tetraethylammonium.
There are two mechanistic interpretations of the data indicating that EETs act as EDHFs. The traditional interpretation as proposed for endothelial relaxing factors by Furchgott and Zawadzki [2] indicates that EETs are released from the endothelium and act as transferrable factors that hyperpolarize and relax SMCs [8, 26] (Fig. 2a ). An equally plausible interpretation indicates that EETs act in an autocrine manner on ECs to increase intracellular Ca and activate apamin-sensitive, small conductance (SK Ca ) and charybdotoxin-sensitive, intermediate conductance (IK Ca ) K Ca channels resulting in hyperpolarization of the ECs [46] (Fig. 2b) . This results in hyperpolarization and relaxation of the SMCs by spread of the hyperpolarizing current from ECs to SMCs through gap junctions and/or the endothelial release of K ions or another factor [12] . Arteries may use either of both of these mechanisms. Arteries such as the bovine coronary artery utilize predominately the traditional "transfer of a factor" pathway described in Fig. 2a [26] while the rat hepatic artery utilizes predominately the "transfer of hyperpolarization" pathway outlined in Fig. 2b [12] . In the porcine coronary, rat cremaster, and mouse mesenteric arteries, both pathways seem to participate in NO and PGI 2 -independent relaxations [47] [48] [49] .
EETs and the "transfer of a factor" mechanism There is evidence that EETs mediate the EDHF response in some arteries by the traditional "transfer of a factor" mechanism. The description of this mechanism is most complete in coronary arteries from several species, mouse EETs may function as an EDHF by two possible mechanisms: a EETs act as transferrable factors released from the endothelium and acting on smooth muscle cells to cause activation of the large conductance, calcium (Ca)-sensitive potassium (K Ca ) channels. This leads to K efflux, an increase in the membrane potential (E m ) or hyperpolarization and relaxation. b EETs act in an autocrine manner on endothelial cells to promote Ca influx through TRPV4 or TRPC3 and TRPC6 channels. Calcium activates small conductance (SK) and intermediate conductance (IK) K Ca channels to cause hyperpolarization and release of K ions into the subendothelial space. Potassium ions stimulate the sodium-potassium ATPase or inward rectifying (K ir ) K channel. The endothelial hyperpolarization and K ion mediate hyperpolarization and relaxation of vascular smooth muscle. Gap junctions provide electrical coupling between endothelial cells and smooth muscle cells skeletal muscle arteries and human internal mammary arteries [22, 25, 26, [41] [42] [43] [44] . These findings are summarized as follows (see Fig. 2a ):
1. Endothelial EET synthesis and release: EETs are synthesized by the vascular endothelium but not SMCs [7, 29] . Bradykinin, acetylcholine, cyclic stretch, and cyclic flow increase EET release from ECs or arteries with an intact endothelium [22] [23] [24] [25] [26] . Thus, EETs are released from the endothelium in response to chemical and physical stimuli that are known to release EDHF. The synthesis of the EETs is inhibited by CYP inhibitors such as miconazole, SKF525a, N-methylsulfonyl-6-(2-propargyloxyphenyl)hexanamide (MS-PPOH), clotrimazole, and ketoconazole. Treatment of coronary arteries with CYP2C antisense oligonucleotides decreases endothelial expression of CYP2C, but not CYP2J, and reduces the synthesis of EETs [27] . Scrambled and sense oligonucleotides are without effect. These tools provide a means to determine the physiological consequences of inhibiting EET synthesis. 2. EET-mediated relaxations: The relaxations to bradykinin, acetylcholine, and shear stress are endotheliumdependent and are attenuated by inhibitors of COX and NO synthase [22, 25, 27, 42, 45, 50] . The relaxations to these agonists that remain after COX and NO synthase inhibition are blocked by CYP inhibitors. The interpretation of these findings are complex since some CYP inhibitors (clotrimazole and ketoconazole), but not others (miconazole, SKF525a, and MS-PPOH), inhibit K Ca channels [51] . Pretreatment of the coronary artery with CYP2C antisense oligonucleotides, but not by scrambled or sense oligonucleotides, inhibited the relaxations to bradykinin [27, 28] . Additionally, the EET analog 14,15-epoxyeicosa-5Z-enoic acid (14,15-EE5ZE) acts as a selective EET antagonist blocking the relaxations to the four EET regioisomers [50] (Fig. 1) EETs and the "transfer of hyperpolarization" mechanism There is evidence that EETs mediate the EDHF response in some arteries by the "transfer of hyperpolarization" mechanism. The description of this mechanism has been studied in porcine coronary arteries, rat hepatic arteries, and mouse mesenteric arteries [12, 46, 48, 49] . The data supporting the "transfer of hyperpolarization" mechanism is summarized as follows ( Fig. 2b ):
1. Endothelial EET synthesis: EETs are synthesized by the endothelium [7] . The endothelial effects of the EETs are initiated intracellularly in the cells in which they are synthesized or extracellularly in an autocrine manner on the same or adjacent endothelial cell. [48, 49] . On the endothelium, EETs increase intracellular Ca in ECs, activate the K Ca channels and hyperpolarize the membrane [62, 63] . The hyperpolarization in ECs by EETs is inhibited by the combination of apamin and charybdotoxin. 6. Endothelial K release: Through activation of endothelial K Ca channels, acetylcholine increases the concentration of K ion in the subendothelial space by approximately 5.9 mM, enough to stimulate hyperpolarization and relaxation of SMCs [12] . 7. Role of gap junctions and K channels: Acetylcholine and bradykinin hyperpolarize and relax SMCs in an endothelium-dependent manner [12] . These responses are attenuated by inhibitors of gap junctions as well as the combination of apamin and charybdotoxin. These findings suggest that gap junctions and K ion mediate the hyperpolarization and relaxation of SMCs [12] . In arteries that use this mechanism, the hyperpolarization and relaxation of SMCs is inhibited by the combination of apamin and charybdotoxin or apamin and TRAM-34 but not either inhibitor alone.
Taken together, these findings support the view that endothelium-derived EETs act as EDHFs in some arteries. However, in certain arteries from humans and experimental animals, either EETs are not synthesized or are without activity, and mediators other than EETs are implicated in the EDHF response [9-15, 64, 65] . These other mediators include K ion, hydrogen peroxide, C-type natriuretic peptide and LO metabolites of arachidonic acid such as 11,12,15-trihydroxyeicosatrienoic acid and 12-HETE. Thus, EETs are not universal mediators of the EDHF response in all vascular beds. This conclusion fits with the relatively heterogenous expression of the CYP2C and CYP2J enzymes in the vascular endothelium.
Mechanism of EET action
EETs exert a number of effects on vascular tone, hemostasis, and inflammation [31, 66, 67] . With a few exceptions, the actions attributed to the EETs are based on studies using the racemic, RS and SR, mixture. Figure 3 indicates a number of actions of an EET regioisomer(s) that are placed on a concentration line. It indicates the threshold concentration of an exogenously applied EET regioisomer that causes the particular action. Some of the actions occur at low physiological concentrations while others require much higher concentrations. One of the most studied actions that occurs at low concentrations is the hyperpolarization and relaxation of SMCs.
Effects of EETs on vascular SMCs-guanine nucleotide binding proteins and possible receptors
EETs relax the bovine coronary artery and mediate a portion of the endothelium-dependent relaxations to arachidonic acid [6, 22, 68] . Arachidonic acid causes a concentration-dependent relaxation that is partially inhibited by the COX inhibitor indomethacin, partially inhibited by the CYP inhibitor SKF525a and blocked by the combination of COX and CYP inhibition. All four EET regioisomers relax the bovine, canine, and human coronary arteries in a concentration-dependent manner, and the regioisomers are of similar potency [6, 22, 68, 69] . These findings should not be interpreted as an indication of nonspecificity as coronary artery relaxation is, in fact, stereospecific with 14(S),15(R)-EET being more potent than 14(R),15(S)-EET [70] . The relaxations of other arteries differ with regioisomer. For example, 11,12-EET, but not 14,15-EET, relaxes the rat renal artery, and only 5,6-EET relaxes the rat tail artery [71] [72] [73] . Interestingly, the 11(R),12(S)-EET relaxes the rat renal artery while the 11 (S),12(R)-EET isomer is inactive. The reasons for the differential responses of arteries to EET regioisomers are not known but are related directly to the mechanisms of action of the EETs rather than the means preconstriction. This is important to mention as relaxations to EETs only occur in preconstricted arteries. However, as similar responses to EETs have been recorded in arteries preconstricted by the thromboxane mimetic U-46619, endothelin-1, phenylephrine or norepinephrine and myogenic tone, it seems safe to state that the means of vasoconstriction is not a decisive factor.
A development that has proven helpful is the synthesis of a series of 14,15-EET analogs by Falck et al. which allows a comparison of the biological activities and determination of the key structural features in the molecule that are necessary for vasorelaxation [70] . Using bovine coronary arteries, these studies indicate that a 20-carbon backbone, a carbon-1 carboxyl group, a cis-8,9 double bond, and a 14(S),15(R)-cis-epoxide are required for full agonist activity. Thus, the basic structure for full agonist activity is 14(S),15(R)-cis-epoxyeicosa-8Z-enoic acid (14,15-EE8ZE; Fig. 1 ). Thus, there are strict structural and stereoisomeric requirements for relaxations suggesting a specific binding site or receptor for 14,15-EET action. Unfortunately, there have been no studies for the other EET regioisomers documenting the structural requirements for activity.
Changes in the EET structure through metabolism by sEH or beta-oxidation generally results in a loss of biological activity [30, 31] . In the rat renal arterioles, 11,12-EET causes relaxation while the sEH metabolite, 11,12-DHET, is without activity [73] . In other tissues, the differences in activity are not as clear. For example, 14,15-EET is fivefold more potent than 14,15-DHET in causing relaxation and tenfold more potent in activating the BK Ca channels in the bovine coronary artery [32, 70] . However, the EETs and DHETs are equipotent in relaxing canine coronary arteries [74] . Dilations also differ with the regioisomers in human coronary arteries [69] . 14,15-and 8,9-EETs are more potent than their respective DHETs whereas 11,12-EET and 11,12-DHET are of similar potency. Thus, it is important to compare the activities of the EETs and DHETs in various arteries and tissues to understand the contribution of metabolism by sEH. This has become particularly important with the development of potent inhibitors of sEH and their testing in physiological and pathological settings [37] .
Using whole cell and cell-attached patch clamp configurations nanomolar concentrations of 14,15-, 11,12-, and 8,9-EET all activate BK Ca channels [22, 53, 54, 72, 75] in an iberiotoxin-and tetraethylammonium-(both blockers of the BK Ca channel) sensitive manner. As with relaxation, 14 (S),15(R)-EET, but not 14(R),15(S)-EET, increases BK Ca channel activity in coronary SMCs [29] while in rat renal SMCs, 11(R),12(S)-EET is the active BK Ca channelopening isomer [72] . EET activation of BK Ca channels is not simply by direct binding to an extracellular domain as the activation of the SMC BK Ca channel by EETs and EDHF requires a guanine nucleotide binding protein (G protein) [54, 75, 76] . Moreover, while 11,12-EET activates the BK Ca channel in cell-attached patches of bovine coronary arterial SMCs, it is without effect in inside-out patches. Such observations imply that some cytosolic component or cellular signaling pathway that is absent in inside-out patches is required for EET activity. Currently, the missing component is thought to be GTP as addition of GTP to the cytoplasmic surface of inside-out patches restores the ability of 11,12-EET to open the BK Ca channel. Indeed, the potency of 11,12-EET and extent of BK Ca channel activation by the EET is the same in cell-attached patches and inside-out patches in the presence of GTP. Underlining a role for GTP is the observation that BK Ca channel activation by EETs in GTP-treated inside-out patches is inhibited by the G protein inhibitor GDPβS and by an anti-Gαs antibody. Antibodies against Gαi or Gβγ are without effect. Thus, 11,12-EET acts in a membrane-delimited manner to activate BK Ca channels by a Gαs-mediated mechanism.
Biochemical studies measuring GTP binding to G proteins of ECs confirm the importance of a G protein and reveal that 11,12-EET increases GTPγ 35 S binding to Gαs, but not Gαi, in a concentration-dependent manner [77] . Stimulation of GTPγ 35 S binding to Gαs occurs with the other EET regioisomers; however, they are all less active than 11,12-EET. The logical next question is how can 11,12-EET affect GTP binding to Gαs? Studies in bovine coronary arteries indicate that 11,12-EET stimulates ADP-ribosylation of the G protein or rather a 52-kDa protein with the properties of Gαs [78] . Cholera toxin, like 11,12-EET, stimulates the ADP-ribosylation of a 52-kDa protein and activates Gαs, and both 11,12-EET and cholera toxin stimulate BK Ca channel activity in SMCs. Added to these findings, inhibitors of ADP-ribosylation block the ability of 11,12-EET to activate the BK Ca channel and cause relaxation. Currently, the relationship between the membrane-delimited and ADP-ribosylation mechanisms of BK Ca channel activation by EETs is not clear. However, the EET activation of BK Ca channels in inside-out patches is rapidly reversible upon removal of the EET while the reversibility of the EET is slow in cell-attached patches [54] . Thus, it is possible that ADP-ribosylation of the G protein in intact cells slows K channel inactivation upon EET removal and prolongs the duration of EET action. In SMCs and ECs, EETs increase cyclic AMP accumulation that is consistent with the involvement of Gαs in EET action [77, 79, 80] . It is also possible that cyclic AMP contributes to prolonging the action of the EET. Overall, data from a number of laboratories indicate that EET activation of BK Ca channels allows K ion to leave the SMC along its electrochemical gradient resulting in membrane hyperpolarization and relaxation [22, 45, 69] (Fig. 2) .
Differential [54, 77] . Although a group of 47 known receptors has been screened for the ability of EET regioisomers to displace high affinity radioligands [86] , to date no EET receptor has been identified.
Effects of EETs on vascular SMC-EET antagonists
In determining the structural requirements for agonist activity, 14,15-EE5ZE was identified as an analog with low agonist activity that inhibits the relaxations to the four EET regioisomers [50] (Fig. 1) . This analog proves most effective at inhibiting the actions of 14,15-EET and has no effect on contraction to 20-HETE or the synthesis of either the EETs or 20-HETE [50] . 14,15-EE5ZE does not affect relaxations to the NO donor sodium nitroprusside, the ATPsensitive K (K ATP ) channel opener bimakalim, the BK Ca channel opener NS1619, or the PGI 2 analog iloprost [50] . Thus, this is the first compound described to inhibit the actions of the EETs but not other endothelial mediators or K channels. Clearly, the characteristics of 14,15-EE5ZE are similar to what is expected of a receptor antagonist. As further evidence in support of this possibility, 14,15-EE5ZE displaces 20-125 I-14,15-EE8ZE from its binding site on U937 cell membranes with an affinity similar to that of the EETs [85] . Like 14,15-EE5ZE, 20-I-14,15-EE5ZE also inhibits the relaxations to 14,15-EET [87] . 20-125 I-14,15-EE5ZE binds to U937 cell membranes in a specific, saturable, and reversible manner with high affinity. Importantly, the binding is not altered by GTPγS confirming that the ligand binds to an antagonist's binding site. Thus, 14,15-EE5ZE binds to the same binding site or receptor as the EETs and acts as a selective inhibitor of EETs.
Modification of the carboxyl group of 14,15-EE5ZE with a methylsulfonylimide changes its pharmacological properties [88] (Fig. 1) . Methylsulfonylimides of the EETs do not enter cells and are not subject to esterification or beta-oxidation [81] . 14,15-EE5ZE-methylsulfonylimide inhibits the relaxations to 14,15-and 5,6-EET but does not alter the relaxations to 11,12-or 8,9-EET [88] . These findings raise the possibility for the development of regioisomer-specific antagonists and imply that regioisomers may have distinct binding sites/receptors.
A series of CYP and sEH inhibitors were tested for their ability to displace 20-125 I-14,15-EE5ZE from its binding site on U937 cell membranes [87] . The CYP inhibitors miconazole and MS-PPOH inhibit binding of the EET ligand and inhibit the relaxation to 14,15-EET in bovine coronary arteries (Fig. 1) . They do not inhibit the relaxations to the BK Ca channel opener, NS1619. Thus, some CYP inhibitors also act as EET antagonists. These findings may lead to new classes of drugs that inhibit EET actions.
Actions of EETs on vascular SMCs and ECs-transient receptor potential channels
ECs and SMCs contain a number of types of transient receptor potential (TRP) channels that function as non-selective cation channels and can mediate Ca influx [89] . Two different classes of TRP channel are of importance when considering the mechanism of action of the EETs. The first is the vanilloid type 4, TRPV4, which can be activated by 5,6-EET and to a lesser extent by 8,9-EET [90] . Interestingly, neither 11,12-nor 14,15-EET affects Ca influx into murine endothelial cells through the TRPV4 channel. In contrast to these findings, 11,12-EET and the TRPV4 agonist 4α-phorbol-12,13-didecanoate increase TRPV4 currents in SMCs from rat cerebral arteries [91] . In addition, 11,12-EET stimulates rapid Ca release events termed Ca sparks that activate K Ca channels promoting transient outward K currents and membrane hyperpolarization. These ionic changes to 11,12-EET are associated with cerebral artery relaxation. Suppression of TRPV4 expression with an antisense oligonucleotide inhibits 11,12-EETinduced Ca sparks, outward K currents, hyperpolarization, and relaxation. On the basis of these findings, it was concluded that the TRPV4 channels form a complex with BK Ca channels so that activation by 11,12-EET results in membrane hyperpolarization and relaxation (Fig. 4a) . As the effects were EET-specific, it was proposed that the TRPV4 channel may represent the EET extracellular receptor.
Like SMCs, mouse and human ECs express TRPV4 channels, and these channels are activated by arachidonic acid as well as 5,6-and 8,9-EETs resulting in an increase in intracellular Ca [62, 63, 90] . Inhibition of CYP2C9 with sulfaphenazole blocks the arachidonic acid-induced increase in intracellular Ca. Increasing the expression of CYP2C9 with nifedipine enhances the effect of arachidonic acid. These findings implicate a CYP2C9 metabolite of arachidonic acid, an EET, in TRPV4 activation and increases in intracellular Ca in ECs. In murine mesenteric arteries, acetylcholine normally induces hyperpolarization and dilation; however, in arteries from TRPV4-deficient mice, both responses are reduced by 75% [49] . Fluid shear stress and flow-induced dilatation is also linked to Ca sparks. In mice, the NO-and PG-independent flow-induced dilatation of carotid arteries is dependent on the expression of a CYP epoxygenase and on an EET, probably 5,6-EET. This CYP-dependent component to dilation is missing in arteries from TRPV4-deficient mice [92] . The activation of TRPV4 by EETs is not only related to a direct effect on the channel but also to the rapid translocation of the channel to the plasma membrane. Altogether, TRPV4 seems to be an important regulator of agonist and flow-induced dilation. This is reflected by the fact that blood pressure is higher in mice lacking TRPV4 channels [49] .
There are distinct differences in TRP channel sensitivity to the different EETs. While flow-induced, EDHF-mediated dilatation is linked to 5,6-EET and the TRPV4 channel, the situation is very different in vessels stimulated with bradykinin. Bradykinin increases CYP activity as well as Ca influx in human ECs [62] . The bradykinin-induced Ca influx is inhibited by CYP inhibitors and by the EET antagonist, 14,15-EE5ZE and is enhanced by blocking EET hydration with a sEH inhibitor. All in all, these data support the suggestion that EETs may act as "calcium influx factors" [93, 94] . As Ca is required for the activation of K Ca channels, an effect of EETs on Ca influx may account for the EET-dependent activation of SK Ca and IK Ca channels in ECs (Fig. 2b) . Certainly ruthenium red, a nonselective TRP channel inhibitor as well as sulfaphenazole, 14,15-EE5ZE, and the K Ca channel blockers, charybdotoxin plus apamin, inhibit the bradykinin-induced hyperpolarization [62] . The endothelial TRP channels implicated in the responses to bradykinin are not TRPV4, but rather TRPC3 and TRPC6 channels [62] . These channels are activated by bradykinin and translocate very rapidly to caveolae to modulate Ca influx in response to 11,12-EET. TRP channel translocation is dependent on the activation of protein kinase (PK) A [62] . 11,12-EET that is generated in response to acute hypoxia stimulates pulmonary vasoconstriction by a mechanism involving SMC TRPC6 channels [33] . Specifically, pulmonary vasoconstriction to either hypoxia or 11,12-EET occurs in lungs from normal mice but not in lungs from TRPC6-deficient mice.
Since EC hyperpolarization and K Ca channel activation can mediate SMC hyperpolarization and relaxation as described above, both SMC and EC TRP channels may play important roles. Indeed, 11,12-EET elicits hyperpolarization and dilation of mesenteric arteries from wild-type mice but is without effect in arteries from TRPV4-deficient mice [49] . The hyperpolarization and dilation responses to 11,12-EET are reduced by approximately 50% by removal of the endothelium in arteries from wild-type mice indicating that a component of the responses can be attributed to K channels in the SMC and a component to K channels on ECs. Similarly, a portion of both responses is inhibited by charybdotoxin and apamin implicating SK Ca and IK Ca channels on ECs, and a portion is inhibited by iberiotoxin implicating BK Ca in SMCs [49, 91] (Fig. 4a) . The combination of the three K Ca channel inhibitors blocks both responses.
How is it possible to reconcile the link between the effects of EETs on TRP channels and the need for EET binding to a G protein-coupled receptor? Little is actually known about the mechanisms by which EETs activate TRP channels. The assumption that EETs bind directly to a cytoplasmic domain of the TRP protein such as a putative arachidonate recognition sequence [91, 95] is indeed difficult to reconcile with the theory that EET responses are EET receptor-dependent [81] [82] [83] [84] [85] 87] . However, as mentioned above, EETs elicit the rapid intracellular translocation of TRP channels from a perinuclear site into caveolae [33, 62] . This translocation process depends on the activation of PKA by cyclic AMP, which is consistent with the activation of a Gαs-coupled receptor. Indeed, blocking the actions of cyclic AMP inhibits TRP channel translocation and inhibits the bradykinin-induced, CYPdependent increase in intracellular Ca and hyperpolarization in ECs [62] . Further investigation of the regulation of TRP channel activity and translocation by EETs and by G protein-coupled mechanisms is warranted.
Actions of EETs vascular SMCs-thromboxane prostanoid receptor antagonist
In murine aorta and mesenteric arteries preconstricted with the thromboxane prostanoid (TP) agonist U46619, 14,15-EET induces relaxation with an IC 50 of 5.4 and 0.9 μM, respectively [96] . Intriguingly, the effects are similar in arteries from wild type and TRPV4-deficient as well as BK Ca -deficient mice and are not affected by iberiotoxin. Thus, in these studies, the EET-induced relaxation is atypical as neither TRPV4 nor BK Ca channels are involved. Moreover, 14,15-EET fails to relax the same vessels preconstricted with either phenylephrine, endothelin-1, or potassium chloride. Such observations gave rise to the suggestion that the EETs may selectively antagonize contractions induced by thromboxane agonists. Supporting this suggestion, 14,15-EET inhibits binding to the TP, FP, and DP, but not EP or leukotriene, receptors with a Ki of 6.1 μM. This conclusion and these findings may not be extended to all arteries and species and in fact, contradict previously published studies. For example, 11,12-EET relaxes the phenylephrine-preconstricted mouse mesenteric artery from wild-type mice but not TRPV4-deficient mice [49] . Additionally, the relaxations to 11,12-EET in wildtype mice are inhibited by approximately 50% by iberiotoxin and by 50% by the combination of charybdotoxin and apamin. While it is possible that the mechanism of relaxation differs with the various regioisomers, e.g., 14,15-EET antagonizing TP receptors and 11,12-EET acting through TRPV4 and K Ca channels, it seems safe to state that inhibition of TP receptors by the EETs cannot be considered a universal mechanism for EET-mediated relaxation. Certainly, there are a wealth of studies (too many to list herein) reporting the ability of EETs to relax vessels precontracted with serotonin, phenylephrine, or endothelin via activation of BK Ca channels [53, 68, 69, 72, 74, [97] [98] [99] . Thus, while EETs may be TP receptor antagonists in some arteries, it is important to determine the EET action on vascular SMCs-ATP-sensitive K channels SMCs from rat mesenteric arteries express BK Ca and K ATP channels, and both types of K channel contribute to EETinduced relaxation and hyperpolarization [97, 98] . For example, 11,12-EET activates K ATP channels in isolated SMCs treated with iberiotoxin with an EC 50 of 87 nM [97] . The activation of the K ATP channel depends on PKA, but not PKC, activity, and 11,12-EET-stimulated relaxations in the same arteries are inhibited, but not blocked, by the K ATP channel inhibitor glibelclamide or by PKA inhibition. 14,15-EET also activates K ATP channels in SMCs [98] . This activation by the EET is inhibited by the EET antagonist 14,15-EE5ZE as well as an antibody against Gαs and inhibitors of ADP-ribosylation [98] . Thus, 14,15-EET activates K ATP channels by a mechanism similar to that described for the activation of BK Ca channels [78] . Since EETs stimulate cyclic AMP accumulation in rat mesenteric SMCs [80] , it is proposed that EETs activate Gαs by ADP-ribosylation resulting in stimulation of adenylyl cyclase and elevation of cyclic AMP [97, 98] (Fig. 3b) . Activation of PKA by cyclic AMP then phosphorylates and activates the K ATP channel contributing to membrane hyperpolarization and relaxation.
EET action on vascular SMCs-activation of heme oxygenase and carbon monoxide The 11,12-EET-stimulated dilation of phenylephrineconstricted rat mesenteric arteries is prevented by the heme oxygenase inhibitor chromium mesoporphyrin (CrMP) as well as by iberiotoxin [99] . Not all EETs are equal in this respect. Relaxations to 8,9-and 14,15-EETs are also inhibited by CrMP; however, relaxations to 5,6-EET are unaffected. Consistent with the pharmacological data, 11,12-EET increases the release of carbon monoxide (CO) from mesenteric arteries which is inhibited by CrMP. It was not determined whether ECs or SMCs are the source of the CO. CO causes slight dilation in CrMP-treated arteries and binds to heme to activate the BK Ca channel [100] . These observations suggest that 11,12-EET does not stimulate BK Ca directly but rather that the EETs stimulate heme oxygenase to generate CO which mediates EET-induced dilation, presumably by activating BK Ca channels and membrane hyperpolarization.
From the above, it is clear that EETs induce relaxation potentially through a variety of mechanisms, most of which involve K channel activation and membrane hyperpolarization. Depending on the artery, EETs may act on ECs and/or SMCs to cause K channel activation and relaxation. Further study is needed to clarify these mechanisms and their relative importance to regulating vascular tone.
Role of EETs in the regulation of vascular tone in vivo
While most of the aforementioned studies were performed in vitro in isolated vascular cells or arteries, there is also evidence that EETs participate in the regulation of vascular tone in vivo in experimental animals and humans. In anesthetized, openchest dogs, changes in the diameter of small coronary arteries are measured following the application of endotheliumdependent dilators. Intracoronary infusion or topical application of acetylcholine causes a concentration-dependent dilation of small coronary arteries [101, 102] . Inhibition of COX with indomethacin or NO synthase with N
or CYPs with clotrimazole has little effect on the dilations to acetylcholine. However, in indomethacin-and L-NA-treated dogs, the dilations to acetylcholine are blocked after inhibition of K channels with iberiotoxin or superfusion of a high concentration of potassium chloride in the field of measurement [102] . These results suggest the involvement of an EDHF in the dilations elicited by acetylcholine. Additionally, these responses are blocked by CYP inhibition with either clotrimazole, 17-octadecynoic acid, or miconazole indicating the involvement of a CYP metabolite in mediating dilations to acetylcholine [101, 102] . There is also evidence linking bradykinin to CYP activation and EET production. In indomethacin-and L-NMMA-treated dogs, bradykinin dilates coronary arteries, and these dilations are blocked by high concentrations of potassium chloride or the CYP inhibitor miconazole [103] . Topical application of arachidonic acid also causes a concentration-dependent dilation of the small coronary arteries [104] . These in vivo studies suggest that a CYP metabolite of arachidonic acid is involved in the dilations to acetylcholine and bradykinin in the canine coronary circulation.
Measurements of changes in forearm blood flow induced by endothelium-dependent dilators led to similar conclusions in human subjects. Bradykinin causes a concentrationdependent increase in forearm blood flow [105] [106] [107] [108] . A portion of the increase in flow to bradykinin is inhibited by infusing potassium chloride into the brachial artery or treatment with tetraethylammonium chloride implicating K channel activation and an EDHF in the vasodilatation. Treatment with the CYP inhibitors sulfaphenazole or miconazole has no effect [105, 107, 108] . However, in subjects treated with NO synthase and COX inhibitors, bradykinin increases forearm blood flow, and the increases are inhibited by miconazole [105] . The effects of sulfaphenazole vary. In one study, sulfaphenazole inhibits bradykinin-induced increases in forearm blood flow [108] whereas it is without effect in another study [107] . Similarly, when acetylcholine is used to increase forearm blood flow in subjects treated with COX and NO synthase inhibitors, sulfaphenazole inhibits the increases in flow in one study [108] but has no effect in another [109] . Flow-induced vasodilation in the radial artery is inhibited by sulfaphenazole, and the combination of sulfaphenazole and L-NMMA has additive effects on inhibition of vasodilation [110] . The reasons for these differences with sulfaphenazole are not apparent but may be related to the experimental design, the vascular beds or the stimulus applied.
The increases in forearm blood flow to acetylcholine and bradykinin are reduced in hypertensive patients when compared to normal subjects [108] . The mediator of this endothelial dysfunction has been studied pharmacologically. L-NMMA reduces the blood flow increase to both acetylcholine and bradykinin in normal subjects but is without effect in hypertensive patients [108] . These findings suggest that the diminished endotheliumdependent dilation in hypertensive patients is due to an absence of the NO-mediated component. Intriguingly, sulfaphenazole inhibits the increase in blood flow to both agonists in hypertensive patients but not in normal subjects. As in in vivo studies in dogs and in vitro studies in coronary arterial rings [27, 103] , inhibition of NO production is required to observe the CYP-mediated component of bradykinin-induced dilation in humans. Thus, the decrease in NO synthesis that occurs during endothelial dysfunction may alleviate the inhibition of CYP enzymes by NO, increase EET production, and sustain endothelium-dependent dilation.
As discussed above, sulfaphenazole has been used in many of the human studies to evaluate the contribution of the CYP epoxygenase pathway to changes in blood flow under basal conditions and with endothelium-dependent dilators in normal subjects and patients. Since sulfaphenazole is a CYP2C9 inhibitor [111] , its use assumes that CYP2C9 is the endothelial epoxygenase contributing to dilation in human arteries. Both CYP2C8/9 and CYP2J2 have been cloned from human ECs so either may participate in CYP/EET-mediated responses [18, 19] . Sulfaphenazole will only inhibit the CYP2C9 contribution, which may explain the variable results with the drug. None of the human studies measured urinary or plasma EETs or DHETs as an index of CYP inhibition. Interpretation of data with sulfaphenazole is further complicated by the ability of CYP2C9 to produce reactive oxygen species such as superoxide under some pathological circumstances [112] . Thus, inhibiting CYP2C9 with sulfaphenazole may reduce the synthesis of EETs and/or reactive oxygen species depending on the conditions. In fact, in patients with coronary artery disease, sulfaphenazole enhances acetylcholine-induced increases in forearm blood flow, and this enhanced response is attributed to an increase in the bioavailability of NO due to a reduction in reactive oxygen species [113] .
Summary and perspective
Studies from a number of laboratories indicate that EETs mediate a portion of the endothelium-dependent relaxations to acetylcholine, bradykinin, shear stress, and cyclic stretch in some, but not all, arteries. In this regard, they cause hyperpolarization and relaxation of SMCs and function as EDHFs. Their mechanism of action and role as EDHFs varies with the vascular bed and species. Endothelial dysfunction, a loss of endothelium-dependent relaxation, is a sentinel of disturbances in the cardiovascular system and is associated with the disease process. It is often due to the loss of the NO component of dilation. When NO is reduced, the CYP-and EET-mediated pathways sustain endothelium-dependent dilation. Reversal of endothelial dysfunction may represent an important approach for treatment of cardiovascular diseases. Enhancing the production of vascular EETs or inhibiting the degradation of the EETs may represent a new therapeutic approach to correct endothelial dysfunction and cardiovascular diseases.
